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ABSTRACT

The influence of H3P04 on the catalytic activity of a
vanadium-tungsten oxide-titania-based catalyst for the selective
catalytic reduction (SCR) of nitrogen oxides with NH3 has been studied in
a pseudoadiabatic fixed bed reactor. An activity decrease due to the
presence of phosphorus has been observed as well as an increase in the
crushing strength of the pellets. A chemical interaction between the
active solid, the V205-based catalyst, and the extrusion binder, H3P04,
has been demonstrated by XPS and XRD. This interaction substantially
decreases the concentration of vanadium species at the surface leading to
the observed decrease in activity at temperatures between 250 and 300°c.
However, at higher temperatures an activity increase takes place as a

result of higher process selectivity to the SCR reaction.

INTRODUCTION

The nitrogen oxides present in nitric acid plant tail gases are
sources of air pollution. Although NOx can be reduced to N2 with the use
4’ H2, and CO, these gases are readily
consumed by reaction with the oxygen present in tail gases. NH3 is a
more economical reducing agent for a gas with a high 02/N0x ratio. This

reaction has been extensively studied [1], mainly for use in the

of reducing gases such as CH

pollution abatement of tail gases from thermal power stations [2].

As has previously been pointed out [3], the differences between
the tail gases from HNO, plants and thermal power stations are mainly
three: '

3

a) There are no SO, and no suspended particles in HNO3 plant

2
gases.
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b) The concentration of NOx is higher (NOx = 3000 ppm).
c) There is a higher proportion of N02 (the ratio N02/N0 = 1).

These differences may considerably affect the catalyst behavior
during the process, either by deactivation [4] or by enhancing the
activity for the global process [5,6].

Various catalyst systemslhave been described in the literature for
the SCR reaction. The most promising, from an industrial point of view,
is V205 [1] preferably supported on titania. A mechanism involving
reduction of V_,0_ by NH, and reoxidation by NOx spilled over from titania

275 3
has been proposed in a companion paper [32].

The characterization of the supported vanadium species by
different techniques is relevant. Studies have been published on the use
of EXAFS [7,8], HREM [9] and XPS [10,11] and kinetic studies have been
directed to the elucidation of the reaction mechanism [12,13,14,15], in
some cases supported by theoretical approaches [16]. Methods of
preparation of titania-supported V205 with improved redox properties [17]
have been disclosed. However, an understanding of how extrusion binders
modify the surface properties of the active solid is less apparent
although, as Baiker at al. pointed out using MoO3 (18] and V205/5102
catalysts [19], the structural properties and catalyst morphology play an

important role in this reaction under the working conditions used.

Commercial VZOS/titania catalysts consist of honeycombs, which are
not subject to plugging by entrained solids and subsequent pressure
drop. For nitric acid plants extruded pellets could be used which are
substantially cheaper. However, vanadia-titania pellets are soft and

subject to abbrasion at high space velocities unless they can be hardened.

0022R



The use of inorganic acids as éxtrusion binders is common [20] for
improving the mechanical strength of catalyst pellets. For
titania-vanadia catalysts, only a brief reference in the patent
literature was found [21] in which it was recommended to avoid the use of
H3P04, when the catalyst is used in the SCR process.

In this paper we compare the catalytic activity of catalysts that
have been extruded with H3P04 for the NOx + NH3 + 02 reaction. Hg
porosimetry, X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) have been used as tools for the understanding of the surface

modification as a function of the extrusion process.

EXPERIMENTAL

Catalysts

A titanium dioxide-vanadium oxide-tungsten oxide powder in which
the atomic ratio of the metallic elements is 90:8:2 has been prepared.
This powder has been extruded with H3P04 in such a way that a series of
catalysts with the same Ti:V:W atomic ratio and variable phosphorus
content has been obtained in order to investigate the effect of

phosphorus on the catalytic activity of this powder.

The active solid was prepared by adding aqueous solutions of
ammonium metavanadate (Merck) and ammonium paratungstate (Prolabo) to a
hydrated titanium dioxide gel ("Titanium hydroxide paste" CLDD 1727,
Tioxide) the characteristics of which are shown in Table 1. The
resulting slurry was heated to dryness and ground to a particle size less
than 0.250 mm. 1In order to prepare the extruded catalysts, H3P04 aqueous
solutions at variable concentrations (0-14M) were added to the active
powder; the relative amount of solid sample and phosphoric solution was
chosen in such a way that the viscosity of the obtained slurry was
always about 500,000 cps. After extrusion, the material was dried at
room temperature'for 10 hours and then at 110°C for 12 hours. Finally,
the solid was treated in air at 500°C during 4 hours.

0022R
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Catalytic Activity

The catalytic activity measurements were carried out in a
pseudoadiabatic fixed bed reactor operating in an integral regime. A
schematic representation of the reactor is shown in Fig. 1. Since
formation of ammonium salts between NOx and NH3 is favored at
temperatures lower than 425 K [22], the ammonia was fed separately

directly into the reactor.

The NOZ:NO molar ratio at the reactor inlet was ca. 1; this ratio
was kept constant by mixing NO and 02 upstream of the catalytic bed.

A chemiluminescence apparatus LUMINOX (B.0.C.) was used to measure
NO and NO2 concentrations in the inlet and outlet reactor flow. The
ammonia and N20 concentrations were measured by an IR spectrophotometer
MIRAN 1A (Foxboro). Since the N20 concentration in the reactor.outlet
was always less than 5%, this compound was not taken into consideration

for further analyses.

The operating conditions (Table 2) were selected to simulate the
characteristics of tail gases of nitric acid plants.

Apparatus

X-ray fluorescence analyses were carried out on the catalysts to
determine the absolute amounts of Ti, V, W, P, and S. A sequence
spectrometer SRS 300 was used.

The X-ray diffraction pattern (XRD) of the catalysts was obtained

" in a Phillips APD 10 with a graphite monochromator and Cu Ka radiation.

The XPS spectra were obtained in an ultra high vacuum apparatus
previously described [23]. (In brief it consists of an ultra high vacuum
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chamber with a built-in high pressure cell which allows switching the
sample from the high pressure cell to the UHV system without exposing it
to the air. The XPS spectra were recorded using a cylindrical mirror
analyzer and Mg Ko radiation [40 mA, 10 kV]. For the spectra calibration
the Au [4f 7/2] line at 83.8 ev and the Ti [2p 3/2] one at 458.5 eV were
used.)

The crushing strength was determined in a dynamometer Chatillon
model1 DPP. '

RESULTS AND DISCUSSION

The influence of phosphoric acid content on the performance of a
vanadium oxide-based catalyst for the removal of NO2 from tail gases of
nitric acid plants has been studied in a series of tests in which the
only variable considered is the amount of phosphorus present in the
pellets. The composition and physica} properties of the catalysts
studied are shown in Table 3.

It is obvious from these data that the mechanical strength of the
pellets increases with the phosphorus content; the crushing strength and
the apparent density of the solid increases while the specific surface
area and the total pore volume decreases. Plots of the cumulative
mercury intrusion volume against the mean pore radius are shown in Fig.
2. It is observed that the average pore radius is around 1,500 R for
the whole series. Since the particle size of the starting T'iO2 gel is 7
+ 1 wm, it may be assumed that these pores are the interparticle spaces
and not actual pores.

Results presented in Fig. 2 indicate that the phosphorus is mainly
inside these interparticle spaces. Its binding effect is due to the
filling of these spaces, following a compacting mechanism similar to that
described by Capes as "mobile 1iquid bonding" [20].
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Using this series of catalysts, the influence of the reaction
temperature has been investigated. The molar conversion of each reactant
(NO, N02. and NH3) as well as the total NOx conversion as a function of
the reaction temperature is plotted in Fig. 3 for the phosphorus-free
catalyst (P0). For this catalyst, as the temperature increases from 250
to 300°C, the molar conversion of NO, N02, and NH3 increases according to
the following global stoichiometry:

2NH, + NO + NO, > 2N, + 3H,0
At temperatures above 330°C the molar conversion of NO drops with
increasing temperature of reaction while NO2 and NH3 conversions still
increase. This behavior leads to a maximum in the NOx conversion curve
between 300 and 350°C. The change of the global NOx conversion versus
reaction temperature for each catalyst in this series is shown in Fig. 4,
under the previously mentioned operating conditions. It is shown that
when the catalyst pellets are prepared by extrusion of the active phase
with H3P04, the decline in NO molar conversion at the highest reaction
temperature is less than in the case of the phosphorus free catalyst.
However, the total NOx conversion at low temperatures depends on the
phosphorus content and is significantly lower in the case of the high
phosphorus content catalysts. The higher the phosphorus content, the
lower the catalytic activity probably because more of the reducible V205

species are converted to non-reducible phosphates.

From these results, when the catalyst was prepared with a
phosphoric acid concentration lower than 7 M, catalysts with acceptable
hardness could be obtained, giving NOx conversion levels at 350°C close
to those obtained with catalysts containing no phosphoric acid.

Moveover, when the reaction temperature is higher than 350°C, the
| catalysts with Tow H3P04 content gave Nox conversion levels higher than

those without phosphoric acid. This indicates that the presence of such
acid resulits in a decrease of the NH3 oxidation
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reaction by the oxygen present in the reaction mixture. Therefore, the
selectivity for the reduction of NOx by NH3 is increased.

In summary, it may be said that the extrusion with phosphoric acid
has two effects: it increases the mechanical resistance of the pellets
and decreases the catalytic activity of both the NOX reduction reaction
and the NH, oxidation by the O

3 2
last reaction is responsible for the decrease in NOx conversion when

present in the reaction mixture. The
reaction temperature increases.

In a first attempt to elucidate the modifications introduced at
the catalyst surface with the extrusion process, XPS spectra of the
catalysts have been obtained . The 0(1s), V(2p), W(4f), Ti(2p), S(2p),
C(1s), and Au(4f) signals have been recorded. The sulfur species present
in the catalysts, Table 3, were impossible to detect even at high
collection times (45 minutes); the C(1s) and the Au(4f) signals were
recorded for calibration purposes, although the C(1s) was not used due to
the impossibility of discriminating between the signal coming from the
support, a gold foil, and the one coming from the sample.

Figure 5 shows the V(2p) region for the PO and P2 catalysts. The
V(2p 3/2) for the air stabilized PO sample peaks at 517.0 eV in good
agreement with the reported values for vanadia/titania catalysts
[10,11,24,25]. Lars and Anderson, who standardized their spectra to the
0(1s) peak at 529.6 eV, state that peaks at 516.6 eV are obtained for
v205[17]. Considering that our standardizing method allows us a ca. 0.4
eV shift towards higher binding energies [in our case the 0(1s) signal
when referred to the Ti(2p 3/2) one peaks at 530.0 eV], we could assign
the peak at 517.0 eV to the presence of VZDS' This assignment agrees
fairly well with the XPS spectra of crystalline V205 and of the
vanadia-titania system described by J.L.G. Fierro et al. [26].

On the other hand, the V(2p 3/2) feature for the P2 catalyst, Fig.
5, is less resolved than in the case of the PO one. Considering the



differences in binding energies for V5+, V4+. and V3+, ca. 0.5 ev [25],

it is hard to unequivocally assign this peak to a single vanadium
species, particularly if one considers that the full width at half
maximum (FWHM) is bigger than in the case of the PO catalyst. However,
the presence of V5+ species cannot be disregarded.

Due to the severe overlapping of the V(2p 1/2) with the 0(1s)
X-ray satellites, coming from the non-monochromatized X-ray source used,
any discussion concerning this feature is worthless for most of the
recorded spectra. However, such an overlapping provides some valuable
quantitative information; if one compares the relative intensity of both
the 0(1s) satellites peak and the V(2p 3/2) peak, it is possible to
conclude that even with the same bulk Ti/V atomic ratio, the amount of
vanadium species present at the surface has to be considerably less in
the case of sample P2 than in the case of PO.

The 0(1s) signal for the PO catalyst peaks at 530.0 eV, while when
phosphorus is present (P2 catalyst) it peaks at 530.7 eV (Fig. 6). In
addition the 0(1s) Signal for the PO catalyst shows a tail extending over
the high binding energy side of the spectrum that is not present in the
P2 catalyst. This tail is eliminated by heating at reaction
temperatures, e.g., 300°C which could mean that hydroxyl species are
responsible for this feature. The peak at 350.0 eV should be ascribed to
oxide jons, and the peak at 530.7 eV has to be associated with oxygen
atoms linked to the phosphorus atoms present in the P2 sample. As the
P(2p) peaks at 132.7 eV, it should be ascribed to phosphate species [27].

On the basis of these results we conclude that the surface
concentration of vanadium decreases when the catalyst is extruded with
phosphoric acid and the surface of the H3P04—extruded catalysts is mainly
composed of phosphate species, while the metallic oxides, if present, are

under a phosphate layer.

In order to elucidate the effect produced by the H3P04 on the-
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T1’02 and to know whether the vanadium species are present either as

oxides or as phosphate salts, XRD measurements have been carried out.

Figure 7 gives the diffraction pattern belonging to the T102 paste
used as carrier of the catalysts. Signals in this pattern coincide with
those of the ASTM card 21-1272 belonging to‘T102 (anatase). The average
size of the crystals of T102 (anatase) in each sample has been determined
by the method described in [26]. The values are given in Table 4.

These results indicate that when the paste is treated at 500°C an
appreciable increase in the size of the crystals takes place. This
increase does not appear when the catalyst is extruded with phosphoric
acid, which indicates that the H3P04 inhibits the crystallization of the
anatase when this material is submitted to a thermal treatment. Criado
and Real observed a similar effect for the transformation of anatase to
rutile due to the ions PO4H2- [28]. According to these authors, the ions
are anchored on the surface of the TiO2 through surface OH groups in the

form of bidentate ligands.:

In our case, the H3P04 could form similar polidentate l1igands on

the T1'02 surface inhibiting the ionic mobility which is needed for the
growing of the anatase crystals. The inhibition of crystallite growth
offers an explanation for the relatively high activity at high

temperature for low phosphorus content catalysts (Fig. 4).

XR diffraction patterns for the catalyst series studied are shown
in Fig. 8.

In general the presence of phosphorus in the catalyst inhibits the
growing of anatase crystals and destroys the crystals of V205 leading to
the formation of new species. If the finished catalyst does not contain
phosphorus (P0), maxima at d=4.38, 3.40, and 2.82 R are observed in
addition to the anatase peaks (0) in Fig. 8; these peaks
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match the spectrum corresponding to V205 (@), -and again corroborate the
presence of vanadium pentoxide crystallites in the PO catalyst.

The formation of new chemical compounds by reaction of the aqueous
phosphoric acid solution with the active solid is supported by the
presence of new peaks in the XRD pattern of the H3P04—treated samples.

At low phosphorus content, P1, peaks at d=3.05 and 7.16 R are observed,
these peaks being ascribed toAB—Ti(HPoa), (m) in Fig. 8. If the
phosphorus content increases, new phases appear characterized by peaks at
d=3.1, 1.9, and 1.5 R, and d=3.40, 3.07, and 5.18 R that should be
ascribed to « and p-vanadyl phosphate, respectively. These phases
increase their concentration as the phosphorus content increases. At the
highest phosphorus contenf (P3 catalyst), a new peak at 26 ca. 20°
appears, the assignatﬁon of which is not clear. According to literature
data it could be ascribed either to a B* phase (Hodnett et al [29]) or

to a vanadyl pyrophosphate (Bordes et al. [30]).

vanadyl phosphate in the absence of titania exhibits denox
activity, which, however, rapidly declines. XRD spectra of spent
V.0_-Ti0, catalysts do not show the phosphate species which therefore may

2°5 2
be unstable at the reaction conditions.

CONCLUSIONS:

From the above data it is concluded that the H3P04 treatment

modifies the surface of the vanadia-containing catalyst. The formation
of new solid phases that contains phosphate ions not only reduces the
amount of vanadium species present at the surface (as demonstrated by
XPS) but also modifies the catalyst composition at the surface changing
its reducibility, as has been shown by ESR and TPR [31]. In another
publication [32] it has been shown that the NOx + NH, reaction on

3

Vzos-titania involves a redox mechanism. The behavior of the catalyst

for the SCR of nitrogen oxides as a function of the temperature



is changed by the incorporation of phosphates. The increase in the
crushing strength of the pellets is obtained as a result of the formation
of phosphate phases probably present as polyphosphates.

The phosphorus compounds formed are mainly located in the
interparticle spaces of the T102 grains, decreasing the porosity and
inhibiting the growth of anatase crystals.

The effect of H3P04 on the two parameters we are interested in
optimizing (crushing strength and catalytic activity) forces a compromise
in the selection of the concentration of the acid needed for compacting

the solids while maintining good activity.
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TABLE 1

Characteristics of the "Titanium Hydroxide Paste"
CLDD 1727 (Tioxide)

_Composition (¥ by weight):

T102 . . . 3b6.0
HZO . . . 56.0
SO4 . e . 8.0

pH . . . 1.5

Particle size . . . 7+ lym
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TABLE 2

Catalytic Activity Operating Conditions

Total flow of gases: 3.0 NL.min")

G.H.S.V.: 40,000 h™)

Feed Composition:
NOX 3000 ppm

NH, 3000 ppm

3

02 3% by volume

N to balance

2

N02/N0 molar ratio: 1.0 + 0.1

Reaction temperature: ‘ 525-725K
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. TABLE 4
Crystal size of T1'02 (anatase)

Sample L. (R)
a. - Dried paste v 66.9
b. - Paste treated at 500°C 134.5
c. - Paste with H,PO,, treated at 500°C 67

0022R



-20-

‘WwaysAs —me:ms*gmaxm 9yl jo weubeip moyj d¢3ewayds

O*N-SHN
2'N

XoN/ON
TYNV |
WNTININD

"L "bi4



-21-

G
CV)\

= 081 —{08
L

o 07+ PO — 07
£

oo

S 06 | — 06
>

S 051 —{as
g | P

E »O,L — — 04
2 o3l P2 _{a3
© |
=

>

© L P. o

| |
10° 10° 10° 107 10
T pore (R)

Fig. 2. Influence of phosphorus content on the porosity of series "p®

catalysts.



( molar % )

conversion

-22-

100 ——

L l | ]

300 350 400 450

Reaction Temperature (°C)

Fig. 3.1Influence of the reaction temperature on the conversion of NH

(0), NO (0), NO, (®), and NO_ (0). Catalyst: PO. GHSV:

40.000h" ", Feed composition: NO, :3000ppm (N0=N02=1500ppm), NH

(3000ppm), 02:3% vol, szbalance.

3

3



-23-

100
PO
£ P
X 80
c
© |
g 70— /\
> P3
S
O 60
x
ok
Z 5ol
40—
P/_-o\\
30 | | )

Fig. 4. Influence of the reaction temperature on the NOx conversion for
of the series P. Operating conditions: GHSV=40000

the catalysts

300 350 400

Reaction Temperature (°C)

h_]; Feed composition: NO,=3000ppm, (NO=N0,=1500ppm) ;

NH3=3000ppm; 0

2=3x vol; N2=ba1ance.




Intensity (A.U.)

-24-

'
o s 517.0
e e '.':
i "’.": o ¢ PEY
., ‘.'.. .{. .\. :.:::
:'..'v:: : .. .‘:"q
0O(1s) satellites o l .
S T P 2
. SRR
: -t L34 ‘-..: . o-.'.".'
.l . L] . . . ) .
0‘3. .. '. ) . u'
PO
| | I N W

527 522 517

Binding energy (eV)

Fig. 5 V(2p) spectra for the air stabilized P 0 and P 2 catalysts.



Intensity (A.U.)

-25-

530.7

.
0
.
.
..
.
-
. .
.
.
. .
.
.
L 3
. .
; 530.0°
.
. .
¢ .
¢ .
.
. .
.
o..
.
. . .
. o o
d .
. .
. oo o
. o o
. . L4 .,
L]
. L)
.
.
. . ot p 2
. . L)
- - O. .
DANC PP L PN o« 4 -
e, e 0, 4 ) PA
. . . 0‘.’. PEI PR
. e oo’ so et .
. .
.
.
.
o®
L4
. .
. L
-
.
. . O
. -
: - P
. - . .
‘. L) . . hd .
- " . N
. 0% b .
‘r a e,
. oe o
.D. .‘ . ..
l ] ce o * l

540

Binding energy (eV)

Fig. 6.0(1s) spectra for the air stabilized POand P 2 cata]yéts.
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Fig. 7. X-ray diffraction diagrams of: a) T1‘02 hydrated gel; treated at
373 K in air; b) T102 hydrated gel, treated at 773 K in air, and
c) TiO2 hydrated gel extruded with H3P04 solution, treated at 773
K in air.
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Fig. B.X-ray diffraction diagrams of series P catalyst, treated at 773 K
in air.
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